An alkylating agent, 4-chloro-1-butanol, is a genotoxic impurity (GTI); it may be generated during the synthesis of active pharmaceutical ingredients (APIs). For the trace-level detection of GTIs in APIs, usually, gas chromatography-mass spectrometry (GC-MS) or liquid chromatography-mass spectrometry (LC-MS) is employed. In this study, a novel LC-inductively coupled plasma (ICP)-MS method was developed and validated. Linearity was observed over the 0.5 -50 ppm (μg/g API) range, with an R 2 value of 0.9994. The detection limit (DL) and quantitation limit (QL) were 0.2 and 0.5 ppm, respectively. The DL and QL values are well over the thresholds specified in the guidelines. The accuracy was 95.1 -114.7% for concentrations of 1 -50 ppm, and the relative standard deviation of the spiked recovery test's repeatability was 6.2%. In addition, six lots of an API were analyzed, and all results were lower than the reported threshold (1 ppm). 
Introduction
Genotoxic impurities (GTI) are one of the critical concerns in the development of active pharmaceutical ingredients (APIs). There are several guidelines that prescribe allowable limits of GTIs in APIs. [1] [2] [3] [4] Regulatory authorities, such as the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA), have published their respective guidelines on the allowable limits of GTIs in APIs. According to these guidelines, the threshold of toxicological concern for GTIs in APIs or drug products is defined as below 1.5 μg/day. Recently, GTI assessment during clinical development has become a major liability. [5] [6] [7] [8] [9] It is necessary that the residual GTI contents at low ppm levels be confirmed, depending on the duration and daily dose of exposure. Therefore, for qualifying APIs, the sensitive and selective analysis of GTIs at sub-ppm (μg/g API) levels is desired. [10] [11] [12] 4-Chloro-1-butanol is one of the GTIs commonly encountered in API synthesis. 4-Chloro-1-butanol originates from tetrahydrofuran (THF), which is frequently used as a solvent in API synthesis. It is known that THF reacts with hydrochloric acid (HCl) to produce 4-chloro-1-butanol (Fig. 1) . When using THF and HCl in API synthesis, it is required that residual amounts of 4-chloro-1-butanol be monitored.
Conventional analytical instruments, such as high-performance liquid chromatography with ultraviolet/visible detector (HPLC-UV/VIS) and gas chromatograph with flame ionization detector (GC-FID), which are routine analytical methods for detecting impurities in APIs, are adapted for GTI analysis. For the determination of 4-chloro-1-butanol, chemical derivatization should be employed with HPLC-UV/VIS because 4-chloro-1-butanol has no UV absorption, and can hardly be retained on reversed-phase stationary phases, such as an octadecylsilyl (ODS) silica gel. In contrast, chemical derivatization is not necessary with GC-FID, although chemical derivatization should be employed for enhancing the volatility or sensitivity of 4-chloro-1-butanol. However, owing to their lack of sensitivity, HPLC-UV/VIS and GC-FID are occasionally inadequate for the trace-level analysis of GTIs. Therefore, currently, liquid chromatography-mass spectrometry (LC-MS) [13] [14] [15] and gas chromatography-mass spectrometry (GC-MS) 16 ,17 are used for trace-level GTI analysis. Several analytical methods that use these techniques for detecting 4-chloro-1-butanol at the sub-ppm level in APIs have been reported. 11, 17, 18 In a previous study, we developed a GC-MS method for 4-chloro-1-butanol analysis.
In that method, N,Obis(trimethylsilyl)trifluoroacetamide (BSTFA) derivatization was employed for enhancing the volatility and sensitivity, and the internal standard was used for ensuring the accuracy and precision. The detection limit (DL) and the quantitation limit (QL) were 0.05 and 0.08 ppm (with 0.13 and 0.20 ng/mL as the 4-chloro-1-butanol concentration), respectively. This method allows for the trace analysis of 4-chloro-1-butanol. However, in some cases there is a possibility that those methods lack sensitivity and selectivity owing to the API attributes. Therefore, as described in the International Conference on Harmonisation (ICH) guidelines, 19 the development of several alternative methods is indispensable for the pharmaceutical industry to ensure the quality of various types of APIs.
Because inductively coupled plasma-mass spectrometry (ICP-MS) is composed of a high-efficiency ICP ionization source and a specific, sensitive MS detector, it has been used as an elemental-analysis technique in the pharmaceutical, environmental, biological and semiconductor industries. [20] [21] [22] [23] In addition, the trace-level determination of aluminum in large volume parenteral drug products was successful. 24, 25 A method for determining GTIs using ICP-MS has been investigated with a focus on the high-efficiency ionization source of ICP for MS detection. 26 Generally, the constituent elements of organic compounds, such as GTIs, are carbon, hydrogen, nitrogen, and oxygen. However, the sensitivity of organic compounds is insufficient for trace-level analysis by ICP-MS. Therefore, the introduction of a sensitive inorganic element into an organic compound is required for ICP-MS analysis. 27, 28 In other words, if a sensitive element for ICP detection can be introduced into a compound, it will be possible to detect that organic compound with high sensitivity.
In this study, ICP-MS, one of the sensitive analytical methods for inorganic material analysis, was applied to the analysis of 4-chloro-1-butanol in an API (compound A) under development. Moreover, for enhancing the selectivity, a two-dimensional LC system was connected with ICP-MS.
Experimental

Reagents and chemicals
Purified water (18.2 MΩ cm) from a Milli-Q water purification system connected to an Elix3 pre-system (Millipore, Billerica, MA) was used for preparing a mobile phase and sample solutions. 4-Chloro-1-butanol (>97% purity), 3-iodobenzoyl chloride (>97% purity), and formic acid (LC-MS grade) were purchased from Tokyo Chemical Industry (Tokyo, Japan). HPLC-grade methanol and acetonitrile were purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan). Organic synthesis-grade pyridine was purchased from Kanto Chemical (Tokyo, Japan). Argon gas (>99.999% purity) and oxygen (O2) gas (>99.999% purity) were purchased from Taiyo Nippon Sanso (Tokyo, Japan). Compound A (molecular weight, about 400) containing no functional groups, such as a hydroxyl group or an amino group, was manufactured by the Mitsubishi Tanabe Pharma Corp. (Osaka, Japan).
LC-ICP-MS apparatus
An ELAN DRC II ICP-MS instrument (PerkinElmer, Waltham, MA) equipped with a platinum cone, quartz injector (2.0 mm orifice), PC3 spray chamber, and a MEINHARD glass nebulizer was used in this study. The mobile phase was introduced to the glass nebulizer. The PC3 spray chamber was cooled to 5 C, and an introduction gas (O2) was used for preventing carbon buildup on the interface cones, thus resulting in a stable ion intensity.
The HPLC instrumental setup is shown in Fig. 2 . A twodimensional LC system (column switching system) was employed for separating any interferences from the analyte. The first LC system for separation consisted of two PU712i pumps, an Endurance autosampler, and a CO631 column oven (GL Sciences, Tokyo, Japan).
A 1100 pump (Agilent Technologies, Santa Clara, CA) was used in the second LC system. A Gemini-NX 3u C18 (3 μm, 2.0 mm i.d. × 150 mm; Phenomenex, Torrance, CA) (for the first LC system) and an InertSustain C18 (3 μm, 2.1 mm i.d. × 250 mm; GL Sciences) (for the second LC system) were used for separation. The flow rate of the mobile phase was set to be 0.2 mL/min. The column temperature was maintained at 40 C. A 10-μL aliquot of either the sample solution or the standard solution was injected. Derivatized compounds were monitored at m/z 127 for iodine.
LC-MS apparatus
An Orbitrap MS (Thermo Fisher Scientific, Waltham, MA) equipped with an LC-30AD two-dimensional LC system (Shimadzu, Kyoto, Japan) was used for confirming the derivatized compound of 4-chloro-1-butanol.
Derivatization reaction for LC-ICP-MS
The derivatization of 4-chloro-1-butanol with 3-iodobenzoyl chloride is shown in Fig. 1 . The derivatization reaction was carried out by adding 10 μL of 3-iodobenzoyl chloride and two drops of pyridine to 2.5 mL of an organic solvent containing Two-dimensional LC system for ICP-MS. The valve was programmed to depend on the analyte retention time.
ca. 50 mg of Compound A. After incubation, the solution was diluted to 20 mL with an 80% acetonitrile aqueous solution.
Preparation of standard and sample solutions for LC-ICP-MS
The standard stock solution was prepared using acetonitrile at approximately 50 ppm (μg/g API) (relative to 50 mg of API), which corresponds to a 125 ng/mL 4-chloro-1-butanol solution. The standard stock solution was diluted to 0.2, 0.5, 1, 10, 20 ppm with an 80% acetonitrile aqueous solution. These solutions were used for linearity, DL, and QL validation. Compound A was used as a representative API. The sample solution was prepared using approximately 50 mg of Compound A. In addition, a blank solution was prepared following the same procedure. Sample solutions spiked with 1, 10, and 50 ppm of 4-chloro-1-butanol were prepared in triplicate. The standard solution was prepared with approximately 10 ppm. These solutions were used for validating the specificity, accuracy, and precision of the developed method.
Validation of LC-ICP-MS
The specificity of the developed method was validated using a blank solution, a standard solution with a 4-chloro-1-butanol concentration of 10 ppm, a sample solution, and a sample solution spiked with 10 ppm of 4-chloro-1-butanol. The linearity was validated using 0.5, 1, 10, 20, and 50 ppm solutions. DL and QL were confirmed based on the relative standard deviation (RSD) of the peak area obtained from six injections of the 0.2 and 0.5 ppm solution, respectively. The accuracy (recovery test) was validated using the standard solution (10 ppm) and the sample solution spiked with three different concentrations (1, 10, and 50 ppm). Triplicate standard solutions and sample solutions were tested. The repeatability of the spiked recovery (three repetitions at three concentrations) was confirmed for validating the method's precision. The range was validated from the results concerning the linearity, accuracy, and precision.
Quantification of 4-chloro-1-butanol in APIs by LC-ICP-MS
About 50 mg of Compound A was weighed and dissolved in 2.5 mL of acetonitrile. Then, 10 μL of 3-iodobenzoyl chloride and two drops of pyridine were added to the solvent. After incubation at 50 C for 60 min, the solution was diluted to 20 mL with an 80% acetonitrile aqueous solution, and used as a sample solution. Separately, a standard solution was prepared following the same procedure using 2.5 mL of a 200 ng/mL 4-chloro-1-butanol acetonitrile solution.
Results and Discussion
Derivatization reaction for LC-ICP-MS
Four solvents, i.e., acetonitrile, N,N-dimethylformamide, dimethyl sulfoxide, and THF, were investigated as reaction solvents. Because the derivatization reaction in acetonitrile was completed within the shortest time, acetonitrile was selected as the reaction solvent. Incidentally, the derivatization reaction hardly proceeded in dimethyl sulfoxide, and proceeded slightly in N,N-dimethylformamide and THF.
In addition, the reaction temperature was tested in the range from 50 -70 C (water bath temperature), and the derivatization reaction was completed even at 50 C; thus, the reaction temperature was set to 50 C. Reaction times of 30, 60, 120, and 180 min were tested, and the presence of unreacted 4-chloro-1-butanol residue was confirmed with GC-FID. Although the residue was not detected under each condition, the reaction time was set to 60 min for guaranteeing the reaction completion.
Furthermore, the derivatization products were subjected to LC-MS for confirming the structure of the derivatized compound. The protonated ion [M+H] + of m/z 338.965 and the fragment ions of m/z 302.988 and m/z 247.933 were detected, suggesting that the derivatized compound is 4-chloro-1-butanol derivatized with 3-iodobenzoyl chloride (Fig. 3) .
Optimization of the HPLC conditions for LC-ICP-MS
Because of the high concentrations of the API and the derivatization reagent in the sample solution, the detection of iodine in the analyte (4-chloro-1-butanol derivatized with 3-iodobenzoyl chloride) was hampered by the presence of these compounds. To separate the interferences from the analyte, a two-dimensional LC system (column switching system) was employed. In the first LC system, the derivatized compound was separated from the API and the unreacted derivatization reagent; then, the fraction containing the derivatization compound was directly introduced to the second LC system by switching the valve in the column switching system (Fig. 2) . The representative chromatograms for the first and second LC systems are shown in Fig. 4 .
The two-dimensional LC system is also useful for solvent exchange. A mobile phase with high concentrations of organic solvents is inadequate for an ICP-MS instrument because the solvent leads to ICP instability and breakdown. Methanol was selected as the organic solvent for the mobile phase of the second LC system in consideration of the ICP stability because the carbon content of methanol is lower than acetonitrile, and is thus suitable for ICP-MS rather than acetonitrile. Mobile phase flow rates of between 0.2 and 1.0 mL/min were investigated. At 0.2 mL/min, up to about 90% of the methanol aqueous mobile phase could be introduced into the ICP. However, the ICP was unstable at 1.0 mL/min when using the mobile phase with a high methanol concentration. Therefore, 0.2 mL/min was selected as the flow rate. Under the optimized conditions, baseline separation of the interferences and the analyte was achieved, and the analysis was completed within 38 min. The optimized conditions for two-dimensional LC (separation) and ICP-MS (detection) are summarized in Tables 1 and 2 , respectively. 
LC-ICP-MS validation results
The specificity of the developed method was confirmed by comparing the chromatograms (Fig. 5) (Table 3) . Moreover, the RSD of the repeatability of the spiked recovery test was 6.2%. The results of the linearity, accuracy, and precision support the suitability of this method for a concentration range of 1 -50 ppm. A representative chromatogram spiked with 1 ppm of 4-chloro-1-butanol is shown in Fig. 6 .
Quantification of 4-chloro-1-butanol in APIs by LC-ICP-MS
Because HCl and THF are used in the final synthesis of Compound A, it is possible that residual 4-chloro-1-butanol is present in Compound A. Therefore, the residual amounts of 4-chloro-1-butanol in six different lots of Compound A were confirmed using the developed LC-ICP-MS method, and it was found that the residual amounts of 4-chloro-1-butanol in all lots were below the reporting threshold of 1 ppm.
Derivatization of 4-chloro-1-butanol for LC-ICP-MS analysis
4-Chloro-1-butanol has chlorine in the structure, but due to low ionization efficiency, the sensitivity of chlorine is not sufficient for ICP-MS analysis. The first ionization energy of chlorine is 13.0 eV. This value is not sufficient for ionization compared with the 15.76 eV energy of argon. Therefore, other sensitive elements should be introduced into 4-chloro-1-butanol. Considering that the structure of 4-chloro-1-butanol contains a hydroxyl group, derivatization reagents that react with hydroxyl groups were investigated. In general, isocyanates and acyl halides are widely used for derivatizing hydroxyl groups. Numerous derivatization reports on the synthesis and reactions exist in the literature. 29, 30 Derivatizations with acyl halides and isocyanates require no catalyst, and have a high degrees of reactivity.
Moreover, the derivatization handling is not complicated. Therefore, commercially available acyl halide compounds with highly sensitive elements were surveyed, and a few compounds, such as acyl halides and isocyanates with iodine, were selected as candidate compounds. The ionization efficiencies of iodine are insufficient because the first ionization energy of iodine is 10.45 eV. However, because of the low background resulting from a slight interference of polyatomic ions at m/z 127 (I), the use of iodine for sensitive ICP-MS detection is advantageous. From this viewpoint, 3-iodobenzoyl chloride was selected as the derivatization reagent.
As expected, during method validation, the developed LC-ICP-MS method yielded excellent results in the 1 -50 ppm concentration range relative to the API. Six lots of Compound A were analyzed using this method, and all results were below the 1 ppm reported threshold. Incidentally, considering the derivatization condition, it is thought that degradations of 4-chloro-1-butanol (such as a hydrolysis and/or a ring-closing reaction) hardly occurred during sample preparation. The validation results (accuracy and precision) also support this fact. Thus, this LC-ICP-MS method using 3-iodobenzoyl chloride allows for the trace analysis of 4-chloro-1-butanol at the sub-ppm level. Moreover, 3-iodobenzoyl chloride can react with not only a hydroxyl group, but also an amino group. This means that this method can be applied to the analysis of many other GTIs with a hydroxyl and/or an amino group in their structures.
Meanwhile, the previously reported GC-MS method allows for the lower QL (ca. 0.1 ppm) than the developed LC-ICP-MS method (QL, 0.5 ppm). This is attributed to the fact that almost all of the HPLC eluent, including the analyte, is discarded in the spray chamber, and only a small portion of the eluent can be introduced into the ICP-MS instrument, whereas almost all of the fraction containing the analyte can be introduced into the GC-MS instrument. In other words, the inefficiency of sample introduction into the detector is one of the reasons for the sensitivity difference of the two methods.
Furthermore, employing ultra-high-performance liquid chromatography (UHPLC), 31 which shortens the time required for column switching (LC separation), leads to not only a shorter analysis time, but also sharper peaks. These effects will contribute toward reducing the QL value of this system, which is a desirable outcome. However, considering that the desired sensitivity for GTI analysis is at the sub-ppm level, the QL of the developed LC-ICP-MS method is adequate. Therefore, the LC-ICP-MS method can be used as an alternative to the conventional GC-MS method for GTIs analysis. Incidentally, if derivatization reagents, including plural iodine or more sensitive elements, are employed, the QL would be better than that of this method. Moreover, the modification of the sample introduction system of ICP-MS is a good measure for ensuring efficient eluent introduction. Considering these points, there is a possibility that the developed method can achieve a higher QL. Developing the analytical method for GTIs is mandatory for pharmaceutical development; however, it is usually very challenging. This report proves that the analytical method using ICP-MS for GTIs can be a new option for the sensitive detection of GTIs in pharmaceutical materials.
Conclusions
The LC-ICP-MS method was developed for the trace-level analysis of 4-chloro-1-butanol in an API. The DL and QL values of the LC-ICP-MS method were 0.2 and 0.5 ppm, respectively. The validation results prove that the method is suitable for sub-ppm-level GTI analysis.
